New zirconia compositions with optimized esthetic properties have emerged due to the fast-growing technology in zirconia manufacturing. However, the large variety of commercial products and synthesis routes, make impossible to include all of them under the general term of "monolithic zirconia ceramics". Ultra-or high translucent monolithic formulations contain 3-8 mol% yttria, which results in materials with completely different structure, optical and mechanical properties. The purpose of this study was to provide an update to the current knowledge concerning monolithic zirconia and to review factors related to strength and aging resistance. Factors such as composition, coloring procedures, sintering method and temperature, may affect both strength and aging resistance to a more or less extend. A significant reduction of mechanical properties has been correlated to high translucent zirconia formualtions while regarding aging resistance, the findings are contradictory, necessitating more and thorough investigation. Despite the obvious advantages of contemporary monolithic zirconia ceramics, further scientific evidence is required that will eventually lead to the appropriate laboratory and clinical guidelines for their use. Until then, a safe suggestion should be to utilize high-strength partially-stabilized zirconia for posterior or long span restorations and fully-stabilized ultra-translucent zirconia for anterior single crowns and short span fixed partial dentures.
Introduction
Zirconia was suggested as the first candidate for full contour monolithic restorations due to its significant advantages, such as excellent mechanical properties, superior to those of other ceramic systems, esthetic performance comparable to that of metal-ceramic restorations, radiopacity, low corrosion potential, good chemical properties, volumetric stability and elastic modulus values comparable to steel [1] [2] [3] [4] [5] [6] . According to in-vitro studies, zirconia restorations exhibit flexural or bending strength values of 900-1200 MPa and resistance to fracture of 9-10 MPa [7] . However, zirconia ceramics do suffer from low-temperature degradation (LTD), also known as aging [8] . In particular, the spontaneous and progressive transformation of the tetragonal phase to monoclinic degrades the mechanical properties of the Y-TZP and, in particular, its strength. Specific processing conditions, environmental humidity, stress and temperatures between 200-300 • C may accelerate it [5, [8] [9] [10] . Many experimental studies have shown that water molecules can penetrate the zirconia structure when exposed to a hygroscopic environment. The triatomic character of yttrium contributes to the presence of several oxygen vacancies in the zirconia lattice, which facilitates the diffusion of water molecules into its mass [8] . The diffusion of water initially causes a lattice contraction that will result in tensile stresses' concentration on the surface of the zirconia grains resulting in the transformation of the tetragonal phase to monoclinic phase. The increase in volume, that accompanies the transformation of a tetragonal grain to monoclinic, causes surface uplifts ( Fig. 1 ) and grain pull out. This causes microcracks, which facilitate further the access of the water molecules within the internal grains and therefore the surface initial tetragonal to monoclinic transformation progresses deeper and deeper into the bulk of the material. As the microcracks grow and this process continues, the material fractures. Microstructural factors such as grain size, percentage of stabilizer, residual stresses and manufacturing imperfections may affect this phenomenon [10] [11] [12] . Although a remarkable number of studies investigating the properties of zirconia ceramics currently exists, due to the fast growing of zirconia technology, new materials are released in the dental market, which have not been adequately evaluated. Consequently, the purpose of this paper was to provide an update to the current knowledge concerning strength and aging resistance of monolithic zirconia ceramics, aiming at highlighting the advantages and weaknesses of conventional and newly-released materials, through the data presented in recent literature.
Factors affecting strength and aging resistance of monolithic zirconia

Synthesis of zirconia nanowpowder for dental restorations
The first step towards the fabrication of monolithic zirconia restorations is the synthesis of the appropriate yttrium stabilized zirconia nanopowder. Nanopowder should be of high purity and with a narrow range of particle sizes, in order to yield densified structures of the desired crystallography. The properties of the starting powders are controled by the method of their production. In order to achieve higher densification, various methods have been developed for synthesizing nanoscale zirconia. These include co-precipitation, hydrothermal treatment, sol-gel, solution combustion synthesis, and mechanochemical processing. In the co-precipitation method, the desired cations are dissolved in an aqueous solution where a chemical precipitant agent is added to cause the precipitation of metal hydroxides. The precipitated powder is filtered, dried and calcined. By modifying the pH and temperature of the solution nucleation and growth mechanisms can be controlled. Although it is a low-cost method, broad particle size distribution and grain agglomeration are unavoidable [13] [14] [15] . Hydrothermal treatment involves an initial co-precipitation, followed by heat treatment at high temperatures to obtain an anhydrous crystalline powder. It is a low cost, soft and ecological method that allows good chemical homogeneity of the product. It can be combined with microwave (microwave-hydrothermal route) to supply further heat for the reactions. Its drawbacks are the long processing time and agglomeration, which leads to low sinterability [16] [17] [18] . The sol-gel method is based on hydrolysis and condensation reactions of inorganic salts and metal-organic compounds that form a sol which is converted into a gel. The gel is then dried and thermally treated to obtain a homogenous nanopowder. It is a low cost method, with relatively simple reaction conditions, that if properly monitored can tailor the microstructure and the chemical composition of the powder. Agglomeration is also a drawback of this method. A modified, nonaqueous solgel process has been recently proposed as a novel green method for the preparation of highly dispersive 3 mol% yttria-stabilized zirconia nanopowder with particle sizes of 15-25 nm [19] . In the solution combustion synthesis, different types of organic fuels (i.e. urea, glycine, sucrose, glucose) or their mixtures are typically dissolved in a solvent (i.e. water, hydrocarbons) with metal nitrate hydrates [20] . Two modes can be applied for the thermal treatment of the mixture. The first (volume combustion or thermal explosion) involves a sequential thermal treatment in various stages and the second (self-propagating combustion) the locally heating of a small portion of the reactive mixture to initiate an exothermic redox reaction between nitrate ions and the fuel, which self-propagates along with the rest of the volume in the form of a combustion wave. It is a fast method for preparing multicomponent, crystalline, homogeneous, with high purity and narrow particle size oxide nanopowders [21] [22] [23] . For mechanochemical processing, very pure oxide powders are mechanically mixed and milled before calcination. The advantage of mechanochemical synthesis is that it does not require any additional chemicals, such as organic solvents, however milling can result in contamination of the nanopowder, coarser inhomogeneous product and destabilization of the tetragonal zirconia through diffusion of yttrium towards the grain surface [24, 25] . The synthesis by chemical routes, is usually more expensive than the mechanical methods, but offers a strict control of the powder characteristics, provided that a very carefull consideration of all the specific synthesis variables is involved.
CAD/CAM milling
Monolithic and core zirconia frameworks are fabricated through the CAD/CAM technology by milling commercially available blocks, which can be either pre-sintered or fully sintered. Pre-sintered blocks come from a fine grain or nanograin zirconia powder, synthesized as described in section 2.1., which is pressed to high-density compacts through cold isostatic pressing (CIP). Cold isostatic pressing is the most common method for compacting ceramic powders. During cold-isostatic pressing, pressure is applied at ambient temperature, gradually increasing from 50 to 400-1000 MPa and transmitted uniformly on zirconia powder until the green compacts reach 40-60% of their theoretical density prior to sintering [26, 27] . Factors enhancing the densification and pore elimination during CIP are nano-sized powder particles, uniform particle size distribution, high specific surface area and low degree of agglomeration. CIP zirconia blocks require a relatively easier and faster milling procedure causing less wear of the machining tools but frameworks present a linear and non-uniform shrinkage of 20-25% during sintering [1, 28] leading to non-uniform internal fit of Y-TZP copings [28] . Fully sintered blocks are prepared by presintering zirconia compacts at temperatures below 1500 • C to reach a density of at least 95% of the theoretical density. Following, hot isostatic pressing (HIP) is performed to increase densification by applying high pressure and high temperature (400-2000 • C) via an inert isostatic gas pressure (e.g., argon or nitrogen). This process aims at eliminating sub-surface voids through a combination of plastic flow and diffusion. For densification of zirconia ceramics the temperature is elevated at temperatures ∼100-200 • C below its sintering temperature and for optimally sintering "green bodies" with no open porosity a remarkable increase in strength can be achieved by HIP [29] along with a small increase in densification [30] . Due to their high hardness and low machinability hard machining of HIP processes zirconia ceramics is more time consuming, requires tougher cutting tools and has been correlated to increased roughness, plastic deformation, surface damage, residual stresses' development [31] and higher monoclinic phase transformation. The generated cracks, flaws and surface damage cannot be removed during the sintering process, and thus can cause early failure under mechanical loading.
Sintering
Different sintering methods have been proposed for the densification of CIP zirconia blocks. In general, they include conventional, microwave [32] and spark plasma sintering [33] .
Conventional sintering of monolithic zirconia includes high temperatures and long heating times, thus being a time and energy consuming process. As it constitutes the most applied method of sintering, various studies have shown that differences in sintering parameters of zirconia can directly affect its microstructure and properties, such as translucency, grain size, and biaxial flexural strength [34, 35] . A general trend is that as the sintering temperature increases, translucency and grain size also increase [34] [35] [36] , but conflicting evidence exists regarding its effect on flexural strength. For core zirconia ceramics, an increase of sintering temperature above 1550 • C can cause a decrease in flexural strength [34] , probably due to yttrium migration to the grain boundaries [37] . In the study of Ebeid et al. [36] , who investigated various sintering times for monolithic zirconia, the authors concluded that even at 1600 • C the biaxial flexural strength was not affected. Similar were the results in a recent study by Sen et al. [38] , who investigated various monolithic zirconia ceramics. They reported an increase in translucency by the increase in temperature through grain enlargement and reduction of grain boundaries that act as scattering centers, but no effect on biaxial flexural strength. Although translucency can be improved, larger grain size makes the material more susceptible to transformation [39] which may jeopardize its mechanical performance.
Microwave sintering is a low cost and time-consuming method. Its main advantage is that heating takes place through molecular interactions with the applied electromagnetic field and effective heating is achieved throughout the material [40] in significantly less time. In this way, the temperature gradients within the bulk of the material that are usually encountered during conventional sintering are avoided [41] , which is important especially for large and geometrically complicated specimens, such as dental crowns. Almazdi et al. [42] compared density and flexural strength of specimens prepared from a commercial dental zirconia, and reported that the microwave-sintered specimens had a more uniform grain size distribution and were more closely packed than conventionally sintered specimens. No statistically significant difference was observed in the fracture toughness of various dental zirconia ceramics sintered in microwave or conventional ovens [43, 44] , suggesting that this method can be widely applied alternatively to conventional sintering. Recently Kim et al. [45] reported that microwave-sintered pre-colored monolithic zirconia ceramics exhibited similar color appearance and smoother surfaces compared to those conventionally sintered, but with reduced processing time and cost. Spark plasma sintering, or plasma-activated sintering or fieldassisted sintering technique (FAST), is a new promising method for very fast sintering leading to homogeneous and crack-free microstructures [46] with very limited porosity and high transparency. This technique provides direct contact between heating elements and samples, very rapid heating/cooling rates (several hundreds of • C min −1 ), and uniaxial mechanical pressure. Concerning yttrium stabilized zirconia, limited literature exists [47] [48] [49] but the results show that the material can reach very rapid densification with no cracks, shape distortions or density gradients in sintered samples with complex shapes and dimensions of centimeters [49] . However in-vitro studies are needed to evaluate the feasibility and effectiveness of this sintering method for monolithic zirconia ceramics.
Coloring of monolithic zirconia
For monolithic zirconia restorations, coloring can be achieved either by using pre-colored blocks or by immersing white zirconia restorations in coloring liquid or brushing their surfaces with it. Coloring liquids are solutions of metal oxides such as ferric chloride, manganese chloride, cerium acetate, cerium chloride, bismuth chloride, terbium (III) chloride, chromium (III) chloride, manganese (II) sulfate, etc. The effects of liquid-coloring on the properties of zirconia have been investigated in a few studies. In regards to LTD, liquid coloring has not been correlated with phase transformation but on the other hand, higher resistance to LTD compared to uncolored control specimens has been reported [50, 51] . However, the mechanical properties of the liquid colored zirconia ceramics seem to be affected by the process. Although a few studies report no effect on flexural strength [52] [53] [54] , there are a lot of studies emphasizing that immersion in coloring liquid can have detrimental effects on its flexural and fracture strength, hardness and densification [51, 55] . Ban et al. [56] reported that in cases of liquids containing erbium (Er), and neodymium (Nd), both crystalline changes (presence of cubic phases) and decrease in mechanical properties can occur, attributed to the stabilization of the ions in the crystal lattice. Although significant t→m transformation is not recorded after aging, the increased grain size and open porosity attributed to some coloring oxides after sintering may negatively affect both the optical and mechanical properties [51] .
Pre-coloring involves the synthesis of colored nanopowder by incorporating metal oxides such as Fe 2 O 3 [57, 58] [59, 60] , MnO 2 [61, 62] and Pr 6 O 11 [60] . Doping oxides in pre-colored zirconia may have a negative effect on its mechanical properties [60] . This comes as a result of the changes in the crystal lattice that take place due to the replacement of a Zr ion with a metal ion. Depending on the valence and the ionic radius of the metal ion that enters zirconia crystal lattice, formation of oxygen vacancies and changes in lattice dimension (expansion or contraction) can occur [63] , variously affecting both the mechanical/physical properties and color characteristics of zirconia [64, 65] . By adding various amounts of Fe 2 O 3 -which is the most common oxide for zirconia coloring-into a 3 mol% Y 2 O 3 zirconia powder, Kao et al. [66] produced powders with varying combinations of red and yellow. Although the densification and sintering of the powders were improved, the size of zirconia grains as well as the monoclinic content was increased along with Fe content, making it necessary to reduce the total amount of the applied oxide [66] .
Strength of monolithic zirconia
Although dental zirconia is the strongest dental material in terms of flexural strength and fracture resistance, during the last few years, the translucency of zirconia ceramics has increased at the expense of strength, and translucent full-contour, monolithic zirconia restorations have become increasingly popular as a result of advances in CAD/CAM technology. There are 2 types of monolithic zirconia materials; opaque and translucent zirconia. Opaque zir- MZC exhibited higher fracture loads than MLC, LZC and MCC. The fracture resistance of MZC (1.0 mm) was equal to MCC. Doubling the monolithic zirconia core from 0.6 mm to 1.5 mm increased the fracture resistance system threefold.
-IPS e.max Press (MLC) Cementation with resin cement -Layered zirconia crowns (LZC) -Metal ceramic crowns (MCC) Nakamura et al. (2015) [70] -Lava Plus Fracture strength, molar crowns cemented to composite dies, crosshead-speed 0.5 mm min
The occlusal thickness significantly affected the fracture load, but not the axial thickness.
Higher strength compared to monolithic lithium disilicate crowns. [71] -Lava Plus Fracture strength, molar crowns cemented to composite dies, crosshead-speed 0.1 mm min −1 .
The stiffer and stronger zirconia and lithium disilicate crowns afforded superior stress shielding of the tooth interior and inhibited crack initiation Sorrentino et al. (2016) [72] -Aadva Fracture test, axially loaded molar crowns of various thicknesses (0.5, 1, 1.5 and 2 mm), crosshead speed 1 mm min
The occlusal thickness did not influence the fracture resistance and the mode of failure of the restorations. Schriwer et al. (2017) [73] Soft machined -Bruxzir Fracture strength, axially loaded premolar crowns from hard and soft machined zirconia ceramics, crosshead speed 0.5 mm min
The hard-machined Y-TZP crowns had the best margin quality and the highest load at fracture. The BX and the PZ group had statistically significant weaker load at fracture than the other groups. Margin defects affected negatively the load at fracture.
-ICE Zirkon -DD Bio ZX For uncemented crowns the initial fracture initiated from the internal surface, for cemented crowns from the loading point. VITA YZ T presented the highest flexural strength and fracture strength. Increased compressive strength of the cement was correlated to high fracture toughness, but not for monolithic zirconia.
-VITA In-Ceram AL VITABLOCS Crowns cemented with temporary, adhesive dual-cured cements cement and self-adhesive dual-cured cement. The presence of an occlusal groove decreased fracture strength but to a smaller degree when resin cement was used. The use of glass ionomer cement was associated with lower fracture strength.
Different types of abutments fabricated with different depths of occlusal groove or abscesnce of groove. Evaluation of the effects of abutment morphology, crown thickness and cement type. Moilanen et al. (2018) [76] -PSZ Prettau Fracture strength, 45
• angle to the long axis, crosshead speed 1 mm/min.
Cementation of the crown on a titanium base was correlated to higher fracture strength compared to direct cementation on the implant's surface.
-FSZ Prettau Anterior
A titanium base on the implant surface was evaluated with regard to its effect on the monolithic crown's fracture strength.
a The composition of the materials presented in this and all the tables in the manuscript are presented in Table 5 . Unstained PSZ had significantly higher strength than unstained FSZ. After staining both had similar strength. [110] -Pretau Biaxial flexural strength (piston-on-three balls strength), crosshead-speed 0.5 mm min
Statistically higher strength of the thicker specimens, but both had higher than the reported masticatory forces Airborne-particle abrasion increased the flexural strength of monolithic zirconia. Grinding did not affect flexural strength if subsequently polished Disc specimens of 0.8 and 1.3 mm :
-untreated (control) -airborne-particle abrasion -grinding with a diamond rotary instrument followed by polishing. Sulaiman et al. (2017) [101] -Prettau Flexural strength (3-point bending), crosshead-speed 0.5 mm min −1 .
The strength of FSZ was approximately half that of PSZ. Staining enhanced the strength of FSZ, with no effect on PSZ. Airborne-particle abrasion lowered the strength of FSZ, while enhanced that of PSZ. Artificial aging had no effect on the flexural strength of either. -Prettau, Anterior -ICE Zircon Kumchai et al. (2018) [111] -inCoris TZI Flexural strength (3-point bending test), crosshead-speed of 0.5 mm min −1 .
Overglazing significantly decreased the flexural strength. [86] Prettau Flexural strength (piston-on-three balls), crosshead speed 0.5 mm min −1 (disks of thickness 0.8 mm and 1.3 mm)
1.3 mm specimens presented significantly higher flexural strength. Airborne-particle abrasion significantly increased the flexural strength. Grinding and polishing didn not affect the flexural strength -airborne-particle abrasion, 50-mmAl2O3 particles (pressure of 400 kPa, distance of 10 mm) -grinding with a diamond rotary instrument followed by polishing -control Ebeid et al. (2018) [95] Bruxzir Biaxial flexural strength (piston-on-three balls), crosshead speed 0.5 mm min
Surface treatment at the pre-sintered was correlated with higher flexural strength -air-abrasion with Al2O3 50 mm particles -silica coating with 30 mm Rocatec soft particles -control (no surface treatment) -the surface treatments were performed either at the pre-sintered stage or the post-sintered stage [115] Zenostar blank Flexural strength (piston-on-three balls), fatigue tests included 20,000 cycles and a frequency of 6 Hz -polishing after grinding is mandatory in order to avoid strength deterioration -control -heat treatment is not a good alternative to polishing -grinding -polishing enhances fatigue -polishing -glazing -heat treatment -polishing + heat treatment -polishing + glazing conia offers significantly greater flexural strength and is indicated for the posterior regions of the mouth, while translucent zirconia has the more natural esthetic appearance but lower mechanical properties. The presence of cubic zirconia in translucent compositions is responsible for the enhanced optical properties; however, a significant reduction of the mechanical properties is a consequent drawback. The mechanical strength of monolithic zirconia was evaluated in many studies, depicted in the following tables (Tables 1 and 2) .
Concerning fracture resistance of monolithic zirconia crowns, a clear superiority exists for full-contour monolithic crowns, even if they are glass-infiltrated [68] , compared to veneered bilayer [67, 77, 78] and lithium disilicate crowns [69] [70] [71] 79] . Reis et al. [80] , used the sol-gel method to infiltrate zirconia surfaces with silica in order to eliminate veneering ceramic delamination. This procedure only enhanced the structural homogeneity and hardness of monolithic zirconia, but it reduced its fracture toughness.
After cyclic loading, high translucency tetragonal zirconia demonstrated the higher fatigue strength among a feldspathic ceramic, a polymer-infiltrated ceramic network, a lithium disilicate glass-ceramic and a zirconia-reinforced lithium silicate glass-ceramic [81] . According to Pereira et al. [82] , third generation ultra-translucent monolithic zirconia materials present no transformation toughening when aged as well as significantly inferior mechanical properties. All fractures started from surface defects on the tensile surface. High-translucency monolithic zirconia has a reduced bi-axial flexural strength compared to conventional zirconia, but it is appropriate for clinical us [83] . According to Camposilva et al. [84] , translucent zirconia presents significantly lower toughness and strength compared to conventional zirconia ceramics and it should be considered carefully for clinical application.
The occlusal thickness of the crown has shown to be correlated to fracture [69, 70] , as well as the presence of an occlusal groove [75] . Monolithic zirconia crowns cemented on abutments with an occlusal groove presented lower fracture resistance compared to crowns cemented on abutments with flat occlusal surfaces [75] . Sun et al. [69] , reported a threefold increase from 0.6 to 1.5 mm, but on the contrary, Sorrentino et al. [72] did not find any significant correlation. It has recently been reported by Weigl et al. [85] , that monolithic zirconia crowns with a thickness of 0.5 mm ensure acceptable strength regardless of the type of cementation, following in-vitro cyclic loading to simulate the clinical function of the restoration. However, thickness of 0.2 mm was too low to establish predictability, regardless of cement type. Ozer et al. [86] suggest that thickness between 0.7 and 1.3 mm are ideal for the fabrication of monolithic zirconia restorations and air-borne particle abrasion enhances the materials flexural strength, whereas grinding and polishing did not influence the material's strength. Schriwer et al. [73] investigated the strength of hard machined versus soft machined premolar crowns and resulted that the hard-machined Y-TZP crowns had the best margin quality and the highest load at fracture, pointing out the significance of good marginal fit for higher performance. Sarikaya et al. [87] reported that Bruxzir and Incoris TZI monolithic zirconia systems present acceptable resistance to fracture for the fabrication of monolithic crowns when tested at physiologic mastication forces. Overall, several studies have concluded that high translucency cubic zirconia presents significantly lower mechanical properties due to the absence of transformation toughening mechanism and this can compromise their use in clinical cases where high loads are applied [84, 88] . An increase of yttrium oxide percentage in zirconia ceramics can lead to a reduction of the mechanical strength, but only following artificial aging [88] . However, even the high-translucency materials demonstrate fracture strength acceptable for clinical application exceeding 3000 N [88] . According to Yin et al. [89] , the fracture strength of monolithic zirconia crowns increased after treatment with polishing burs and polishing can reduce the monoclinic phase.
Several studies have evaluated the fracture resistance of monolithic zirconia crowns retained by implants. According to Moilanen et al. [76] , the fabrication technique of monolithic zirconia implantretained crowns using a prefabricated titanium base led to crowns with superior strength to static mechanical testing compared to crowns fabricated directly on the implant surface. According to Rohr et al. [74] , the use of resin cements with high compressive strength was found to be correlated linearly to fracture resistance and flexural strength of implant-supported monolithic zirconia crowns. Elshiyab et al. [90] proved that after 5 years equivalent chewing simulation, implant retained monolithic zirconia crowns survived, although their resistance to fracture had decreased.
The effect of grinding and polishing on monolithic zirconia restorations has been evaluated by a few studies. In the study of Khayat et al. [91] , grinding was found to increase the surface roughness of monolithic zirconia and decrease the flexural strength. However, polishing after grinding leads to the preservation of the flexural strength. The authors suggest that monolithic zirconia's mechanical strength can be compromised when zirconia surfaces are left rough leading to higher susceptibility to aging. The monolithic zirconia ceramic evaluated was not compromised by grinding and low-temperature degradation and both thicknesses tested maintained acceptable mechanical strength [92] . Polishing after grinding was determined mandatory in order to prevent crack propagation and to enhance the material's fatigue [93] . A 2nd generation zirconia ceramic was submitted to grinding and artificial aging to assess its fatigue strength and survival rates and it was found that its properties were not compromised [94] .
In order to evaluate sintering parameters for monolithic zirconia, specimens were submitted to air-borne particle abrasion and silica coating in the pre-sintered stage and this led to higher biaxial flexural strength. Thus, surface pre-treatment in the presintered stage of monolithic zirconia might be beneficial to the final restoration's strength [95] . Juntavee et al. [96] studied the effect of sintering temperature and duration alterations and proved that high sintering temperature combined with long sintering time attribute higher flexural strength and hence translucent monolithic zirconia restorations with higher strength.
Based on the majority of the studies included in Table 2 , it can be concluded that high translucent specimens of zirconia ceramics with yttrium content >3 mol% present significantly lower strength compared to the partial stabilized 3 mol% Y-TZP ones (Fig. 2 ) [97] [98] [99] [100] [101] [102] [103] . However, translucent zirconia ceramics with 3 mol% Y-TZP presented similar strength compared to conventional 3 mol% Y-TZP ceramics [64, 104] . In addition, Candido et al. [105] reported that the monolithic zirconia tested showed similar flexural strength to a conventional zirconia ceramic. All monolithic zirconia specimens presented higher strength compared to lithium disilicate ones [64, 106] , although this is not in agreement with a recent study by Yan et al. [107] who reported that when bonded on a dentin-like substrate, lithium disilicate presented higher load-bearing capacity compared to an ultra-translucent 5Y-PSZ ceramic. Compared to veneered specimens one study reported higher strength for bilayer [106] and another similar strength for trilayer specimens [108] . Sakai et al. [109] reported that layering zirconia of various translucencies with resin cement between the layers is a method that improves the optical properties of the restoration while maintaining the flexural strength of the monolithic zirconia ceramic. Sulaiman et al. [100, 101] investigated the effect of staining on partially and fully stabilized zirconia specimens and reported a significant increase of strength for fully stabilized monolithic zirconia ceramics. Air-borne particle abrasion had a positive effect on the strength of partially stabilized but a detrimental effect to fully stabilized zirconia specimens [100, 110] , while glazing had either no effect [111] or positive effect [112] on partially stabilized zirconia specimens. According to Nam et al. [113] , glazing of translucent monolithic zirconia plates led to a significant reduction in flexural strength, whereas low-temperature degradation did not present any significant effects.
Aging resistance
Aging resistance of monolithic zirconia restorations is a fundamental property as the whole surface is exposed to aggressive oral conditions. The aging behavior of zirconia is generally investigated through an accelerating aging test in an autoclave [116] . According to theoretical calculations, 1 h at 134 • C corresponds to 3-4 years in-vivo. By this, 10 h of in-vitro aging, have theoretically the same effect as a restoration in the oral cavity for 30-40 years, which is a more than sufficient lifespan for a fixed partial denture (FPD). Despite the criticism that this test does not correspond to actual clinical conditions and that it may underestimate the actual degradation of zirconia ceramics in the oral environment [117] , it still remains an efficient method to estimate the long-term performance of these materials. Other tests include boiling in hot water or artificial saliva, mechanical cyclic loading, thermocycling, and combinations of mechanical and thermal fatigue.
Autoclave aging has been correlated to no significant change in strength [84, 118, 119] , as well as to significant decrease and increase depending on time of treatment, brand and composition [120, 121] of the zirconia system investigated (Tables 3 and 4) . Comparing 3 mol% Y-TZP ceramics with translucent monolithic ceramics of higher yttrium amount [101, 121, 122] , significantly higher resistance to aging degradation was recorded for the new generation translucent ceramics, but only after prolonged aging [84, 121] . This is not in agreement with Almansour et al. [83] , whose study found significant differences in several monolithic zirconia systems following shorter periods of aging. In a recent study [121] , the monoclinic phase fraction increased remarkably between 5 and 50 h of aging, especially for Prettau and BruxZir, and less for Katana ML and Katana HT13. The aged specimens had a detectable layer of transformed material which reached60 m in Prettau and BruxZir and less than 5 m in Katana ML and HT13. Although significant differences were recorded, these exceedingly long periods of accelerating autoclave treatment (usually after 10 h) are beyond the clinical lifespan of a restoration. In the other three studies [99, 101, 122] investigating the ultra-translucent Pretau Anterior zirconia, no significant differences in strength were recorded after 8 h of steam autoclave treatment in two of the studies [101, 122] and significant reduction in one studies [99] . Similarly, no significant change in strength was recorded in another study [84] , neither for 3 mol% nor for 5.5 and >6 mol% translucent zirconia ceramics, even after the significant amount of m-ZrO 2 present on their surface (Table 5) .
Guilardi et al. [123] examined the effects of grinding and low temperature aging on flexural strength, roughness, and phase transformation of Y-TZP ceramics. Grinding increased significantly the characteristic strength and affected positively the material's sensitivity to the tetragonal to monoclinic phase transformation during aging, a transformation which was less for the fine ground specimens. Exactly the same results came from the study of Pereira et al. [124] . On the other side, Khayat et al. [91] reported that grinding alone can significantly increase roughness and make the material more prone to aging, however they did not investigate the effect of aging on the strength of rough grinded specimens. Polishing after grinding, however, significantly reduced roughness. Although boiling in artificial saliva for 7 days increased monoclinic fraction from 2.4% to 21%, the increase was superficial and there was no reduction in strength, but in some ceramics, an increase was recorded instead [118] . The flexural strength was not affected by the amount of monoclinic fraction on the surface. Dehestani and Adolfsson [125] found no significant change in strength after immersion in boiling water up to 6 months, although a significant amount of monoclinic fraction was recorded after 32 days (50% for 3 Y-TZP monolithic ceramics). On the recent study of Pereira et al. [82] , three different translucencies of monolithic zirconia ceramics were evaluated following autoclave aging at 134 • C under pressure of 2 bars pressure for 20 h and it was reported that the high translucency system presented a significant increase in flexural strength as well as increased monoclinic phase percentage, compared to the super-and ultra-translucency systems. Another recent study's findings, in which monolithic zirconia specimens were submitted to fatigue strength test, have shown that ground specimens presented higher fatigue strength, whereas ground specimens which were submitted to autoclave aging presented lower percentages of monoclinic phase [94] . This is in agreement with previous findings from Prado et al. [92] .
Concerning the effect of steam autoclave aging on molar crowns' strength, significant reduction of strength up to 50 h of autoclave treatment has been reported [126] and no further reduction afterwards, while Leone et al. [127] reported significant reduction after 54 h of autoclave treatment only for the 3 mol% Y-TZP, and no change for the ultra high translucent zirconia, which however presented the lowest mechanical properties. On the other hand, in other studies [120, 128] , no significant difference among various brands of 3-5 mol% Y-TZP monolithic zirconia crowns was found, even after 50 h of aging [120, 126] . Although limited evidence exists concerning ultra high translucent ceramics, they seem to present a high resistance to degradation, but lower mechanical strength [127] . Significant decrease up to 50 h of aging and no change thereafter.
70% after 50 h of aging and no increase thereafter
Combination of cycling loading (50, 300 N, 240,000 cycles, water) and autoclave treatment for 100 h
Cycling loading had no effect on strength.
Steam autoclave: 134 [82] Katana YSZ ceramics used:
Flexural strength (piston-on-three balls), crosshead-speed 1 mm min −1 , step stress fatigue approach, autoclave aging at 134
• C / 2 bars pressure/20 h No significant change for STML and UTML.
-Increase for ML -ML/HT Significant increase for ML.
-No impact on STML and UTML -STML -UTML Almansour et al. (2018) [83] -Lava Plus HT Flexural strength (piston-on-three balls), crosshead-speed 0.5 mm min −1 , fatigue (chewing simulator with 250,000 cycles / frequency of 1.6 Hz / load of 200 N), accelerated artificial aging at 3500 cycles (two water baths, 5
• C and 55
• C. 60 sec per cycle in 5
• C bath, 10 sec to transfer samples to 55
• C bath, 20 seconds in 55
• C bath and 10 seconds to transfer back to 5
• After polishing the crown presented higher fracture strengths than after adjustment of occlusal contact
Not calculated but observed in the diffraction patterns depending on the polishing method Different polishing protocols were evaluated. Cementation using resin cement. Chewing simulation with cyclic loads between 2 and 300 N, frequency 1 Hz (100,000 cycles) Chewing simulator did not induce any significant alterations in the strength values of 3 mol% Y-TZ specimens, but all monolithic zirconia materials presented lower values compared to the conventional one [119] . In a recent study by Elsayed et al. [88] , which evaluated the fracture strength of 3Y-TZP, 4Y-TZP and 5Y-TZP molar crowns following chewing simulation with simultaneous thermocycling, supports that crowns from zirconia with high Y 2 O 3 content presented higher fracture strength. On the contrary, significantly higher decrease in strength after mechanical cyclic loading was recorded for 8 mol% monolithic zirconia specimens, especially after the combination of thermal and mechanical cycling [99] . In another study, unglazed monolithic crowns presented the lowest strength after thermal cycling in water [129] . In the opposite direction, other studies report that thermal cycling alone does not decrease significantly the fracture load of monolithic zirconia crowns as does the combination of mechanical and thermal aging, which according to Bergamo et al. [28] , also increases the amount of monoclinic phase more than eightfold on the mesial palatal cusp of the crowns (8.3-8.9%). It was further reported that circumferential shoulderless preparation had a significantly higher fracture load than other groups [130] . No difference in strength between crowns made of high-translucent (HTZ) or low-translucent (LTZ) zirconia has been reported [131] while yttria stabilized zirconia presented higher resistance to fracture compared to lithium disilicate crowns [90, 132] . According to Sarıkaya et al. [87] , Bruxzir monolithic zirconia crowns and FPDs present higher fracture strength compared to Incoris TZI following simultaneous chewing simulation (1,200,000 cycles) and thermocycling (10,000 cycles). With regards to material thickness, according to Weigl et al. [85] , monolithic zirconia crowns as thin as 0.2 mm present acceptable fracture strength test when they are cemented with adhesive luting agents. The fracture strength of 3 mol% Y-TZP monolithic 3-unit FDPs has been found similar to that of veneered bilayer FDPs [97, 99] , while glass infiltration of a sol-gel glass has been found to increase the fatigue limits of the restorations [100] . As expected, increased occlusocervical thickness and decreased length of cantilevered frameworks were advantageous for higher loads. Sarıkaya et al. [87] reported that monolithic zirconia 3-unit FDPs fabricated with two different ceramic systems demonstrate acceptable fracture strength even after 5 years equivalent of chewing simulation.
Conclusions
Latest developments in CAD-CAM technology have rendered monolithic zirconia restorations a well-established restorative treatment in prosthodontic cases with advanced mechanical and esthetic needs. Various production synthesis and sintering parameters have been utilized, leading to promising results, however, further research is still needed for solid conclusions. Concerning tooth color reproduction, there are a lot of issues to be resolved, as multiple factors can affect the final color of a monolithic zirconia restoration. In regards to strength, ultra translucent fully stabilized monolithic zirconia ceramics present significantly lower strength compared to tetragonal partially stabilized ones, and thus should probably be applied only in areas with minimal biting forces, such as the anterior regions of the mouth or in patients without parufunctional habits and bruxism. The absence of aging sensitivity, however, may overwhelm their low strength, but only well designed clinical studies can verify or reject this hypothesis. However, it would be safe to suggest the utilization of the high-strength partially stabilized zirconia for posterior or long span restorations and fully stabilized ultra-translucent zirconia for anterior short span fixed partial dentures.
To summarize, despite the obvious advantages of contemporary monolithic zirconia ceramics, new scientific data emerges constantly about their properties, the limitations in their application and their resistance to low-temperature degradation that will eventually reach to laboratory and clinical guidelines for their use. However, monolithic zirconia ceramics include a group of materials with different properties and sound scientific knowledge should guide the selection of the appropriate material in each clinical situation.
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